ABSTRACT Two-dimensional SIT and CCD detectors have been used to measure the surface brightness of the peculiar elliptical radio galaxy M87. Measurements were made in three broad-band colors (B, V, and R) to a distance of 80" from the nucleus, with 1" spatial resolution and photometric accuracy of the order of 1 % .
I. INTRODUCTION
Theoretical attempts to understand quasars, radio galaxies, and active galaxy nuclei have demonstrated the attractiveness of a gravitational source of energy, such as a black hole (e.g., Lynden-Bell 1969) . The mass of the central object is thought to be at least 10 8 M 0 , which is the mass equivalent of the total energy output of a quasar or radio galaxy, and might be much higher if the processes that convert mass to energy are inefficient. An object with this mass would have observable effects on the dynamics of the galactic nucleus in which it is embedded. These effects may be probed with optical observations of luminosity profiles and absorption-line widths to detect a bright central "cusp" of stars bound to the massive object and to observe an increased stellar velocity dispersion within this cusp.
The peculiar BO galaxy M87 ( = NGC 4486 = Arp 152 = 3C 274 = Virgo A) appears to be a particularly promising candidate for a black hole or supermassive object quest. It is relatively close, it is known to be an active (core-halo) radio source with compact central components (Cohen et al. 1969; Kellermann et al. 1973) , and there is evidence for ejection of mass from the nucleus in the form of the optical jets (Felten 1968; Felten, Arp, and Lynds 1970) . The total 721 anomalous radiation output from the galaxy is -2 x 10 42 ergs s-1 (Moffet 1975) , which places it among the weaker of the supergiant elliptical galaxy radio sources.
In this paper and another (Sargent et al. 1978) , photometric and spectroscopic observations of M87 are presented that have been successful in detecting a supermassive object in the nucleus of this galaxy. The mass of the object is "'5 x 10 9 M0 , which causes large and easily observable effects ori the dynamics of the nucleus of M87.
Here we present the photometric data obtained with digital SIT and CCD systems on the Palomar 60 inch and 200 inch telescopes. In § II we discuss the observations and the reduction procedures for the digital data; in § III we present the photometric profile of M87; in § IV we fit theoretical models to the luminosity profile and give the model-independent argument for a central supermassive object; and in § V we present a discussion. pixels, each 47 µ.m square. Photometry with the SIT has demonstrated an accuracy of 0.03 mag. The CCD was made by Texas Instruments for JPL under NASA contract 7-100. The array contains 400 x 400 pixels, each 23 µ.m square, and is used in a direct mode with no gain. This is made possible by the very low readoutnoise characteristics of the device. Unpublished photometry by Kristian and Westphal over a 12 mag range has shown no departure from linearity, and agreement with a photoelectric sequence by Sandage to within 2%. Laboratory tests of the CCD and internal deviations on the standard stars suggest that the CCD itself has a photometric accuracy of 1 % or better.
The results for M87 presented here are based on three separate observing runs with a total of 20 exposures in three broad-band colors (B, V, and R) . A journal of observations and additional information pertinent to the telescopes and detectors are given in Table 1 . The SIT observations were made with a variety of exposure times including unsaturated frames of the central regions of M87 and frames in which the center was heavily saturated in order that high signal-to-noise ratio be obtained in the regions of the galaxy at the edge of the frame (at r = 80"). The seeing profile and sky brightness were monitored by interlacing the galaxy observations with exposures of similar length on a field 30' south of M87. The large dynamic range of the CCD enabled one exposure in each color to yield the desired signal-to-noise ratio over the whole frame without saturation of the central regions. The seeing profiles for the CCD frames were found by using faint stars in the same frame as the galaxy; this was permitted again because of the large dynamic range of the CCD. By choosing blue objects, we ensured that none of the "seeing stars" was one of the coterie of globular clusters encircling M87. The CCD observations in seeing with FWHM = l" and pixel size 0~25 provided the best-quality data for the nuclear regions of M87.
The CCD photometer system directly images onto the target diode array which has an extremely uniform pixel spacing because of the manufacturing procedure. The only image distortions in this system are due to the Ross corrector lens at the 200 inch prime focus, which amount to less than 0.2% across the detector for nearaxis positions. The image scale was determined by directly measuring the diode separation as 22.875 µ.m and using the known image scale of 11 ~06 mm -1 to give 0~2530 ± 0~0003 per pixel. As a check we also measured the length of the M87 jet and compared this with the astrometry of de Vaucouleurs, Angione, and Fraser (1968) . From this we found 0~254 ± 0~001 per pixel.
The SIT system uses an electrostatically focused intensifier stage which has pincushion distortion. In addition, inequality of the horizontal and vertical readout deflections gives different image scales in the x and y directions. To remove these distortions we compared the positions of 54 stars in a field near the globular cluster M92 as measured on the SIT and on a prime focus direct photograph. This procedure removed the 6% quadratic pincushion terms and the 9% difference in the x and y scales of the SIT to an accuracy of 5 µ.m ( = 0~05). The SIT frames of M92 used for this analysis were coeval with the M87 data taken in 1975.
The sky brightness level was determined and subtracted from all exposures. Typical sky brightness levels were found to be P.B = 20.53 ± 0.02 mag arcsec-2 , P.v = 21.34 ± O.oI, and µ.8 = 22.28 ± 0.02 for the 1975 SIT data. Mean absorption coefficients for Palomar were used to remove atmospheric extinction.
The data were tied to the Johnson-Morgan system by observation of the B, V, R standards of Sandage (1973) . Residuals were -0.04 mag for the SIT and -0.02 mag for the CCD.
The SIT photometry was found to be unreliable near heavily saturated regions, probably because of charge migration effects and bending of the electron readout beam. This border effect extended for "'20 pixels around the very heavily saturated areas on the long exposures, with the intensity levels perturbed below the true values. The existence of this effect was evident on checking against shorter exposures, and the afllicted data were excised from the analysis. A second check was available from comparison with the CCD data, which were nowhere saturated; these agreed well with the short-exposure unsaturated SIT frames.
III. LUMINOSITY PROFILE OF M87
a) The Luminosity Cusp in M87 The center of M87 has long been known to contain a small, abnormally bright "nucleus" superposed on the core of the galaxy. This is well shown on the deconvolved IIIa-J plates of Arp and Lorre (1976) . Of the other 30 nearby elliptical galaxies for which we have photometric data, none shows a similar feature. To illustrate the bright central cusp in M87, we have plotted a 1 x 80 pixel slice across the center in the EW direction from a short exposure SIT frame in the V band. This is shown in Figure 1 together with a similar slice across the galaxy NGC 4636. These galaxies are both classified as type EO with similar diameters (A. = 3'.2 for M87 and A. = 2'.2 for NGC 4636; de Vaucouleurs, de Vaucouleurs, and Corwin 1976) and are at similar distances [M87 is a principal member of the Virgo I(E) group at Li = 13.6 Mpc; NGC 4636 is in the Virgo X(G26) group at Li = 14.3
Mpc; de Vaucouleurs 1975] . The profile ofNGC 4636 was entirely typical of the other 30 galaxies in the survey, with a smooth well-resolved core region. It may be seen in Figure 1 , however, that M87 has a bright central luminosity spike scarcely larger than the seeing disk. As we shall see in § IV a, the anomaly in the luminosity profile of M87 is not confined to the central arcsecond but extends out to r = 20".
b) Radial Luminosity Profile of M87
i) The central regions of M87 were inspected on the distortion-free CCD data frames and were found to have no detectable ellipticity ( € < 0.02) for r < 30".
ii) The nuclear luminosity spike was found to be centered to within 0~02 ( = 1.5 pc) of the center of M87 as defined by the isophotes for 5" < r < 30" (with due allowance for the effects of the optical jet).
Consequently we formed a mean luminosity profile by summing the data in narrow annuli ( "'! pixel wide) concentric with the central cusp but avoiding the region of the optical jet. A composite profile was then created by using the CCD data for the inner regions, short-exposure SIT data for the intermediate regions, and long-exposure SIT data for the outer regions near the edge of the frame.
.. v,, The resulting 1995 data points are displayed in Figure 2 and are collected into 144 mean points given in Table 2 . Also shown in Figure 2 is a star profile for the CCD data in the V band as derived from a faint star on the V exposure for M87. The Gaussian core, Additional data given in Table 2 are the V magnitudes in simulated circular apertures, the spatial luminosity density, and the magnitude contained within variously sized spheres centered on M87. In finding the latter two quantities, we have assumed spherical symmetry for the inversion of the Abel integrals created by fitting analytic functions to the data. We do not give values inside 1~42 where seeing effects start to perturb the profile. All quantities in Table 2 are uncorrected for the seeing profile, since deconvolution procedures merely act as noise magnifiers; seeing effects will be allowed for in subsequent sections by appropriate convolution of theoretical models.
c) Comparison with Previous Photometry
The CCD/SIT photometry may be compared with the photographic photometry of Oemler (1976) in the Vband and Kormendy (1977) in the G band, and with a photoelectric profile in the B band by de Vaucouleurs and Nieto (1977) . Color corrections (B -V) = + 1.02 and ( G -V) = + 0.36 were used to transform all magnitudes into the V system, and no zero-point corrections were applied. We have plotted the discrepancies ll.µv = P.v -P.v*, where P.v* is the SIT /CCD value, in Figure 3 .
The following points may be noted after inspection of Figure 3 .
i) The CCD/SIT profile agrees with the photographic photometry of Oemler (1976) for 5" < r < 80". The discrepancies are of the order 0.1 mag, which is the expected accuracy of the photographic data. A discontinuity of 0.1 mag may be seen in the Oemler data at r = 36".
ii) The CCD/SIT profile also agrees with the photoelectric data of de Vaucouleurs and Nieto (1977) for 15" < r < 80" except for a zero-point discrepancy of -0.1 mag.
iii) The data of Kormendy (1977) show systematic discrepancies of up to ""0.4 mag. While deviations inside r = 1" may be expected owing to differing seeing profiles and the inability of a photographic plate to cope with strong luminosity gradients, the systematic deviation for 3" < r < 80" must cause concern. It cannot be due to an effect of changing color, since it was determined that the (B -V) and (V -R) colors in M87 are constant in this radial range.
A comparison of the SIT and the CCD profiles showed agreement to within 0.01 mag at all points except inside the central arcsecond, where the higher resolution CCD data rose slightly above the SIT data. In Figure 2 the individual SIT and CCD data points are plotted, and the difference between them is scarcely visible at the 1 % level. ii) The bright nucleus is slightly bluer than the rest of the galaxy with (B -V) = +0.87 and (V -R) = +0.74 for a simulated l" diameter aperture centered on the "cusp."
iii) The star profile has dropped to 1 % of its central intensity at r = 1 ~7. Because of this, and also because of the constancy of the colors for r > 1 ~7, we shall fit theoretical models of the luminosity profile in the range r > 1 ~7. This will avoid any possible contamination by a possible blue, nonthermal point source in the center. In addition there is no evidence of dust absorption in excess of Av = 0.05 mag, and the emission lines of [O II] >-.3737, [N II] >-.6548, 6593, [S II] )..6724 cannot perturb the photometric profile to a significant degree. Since the galaxian colors are constant for r > 1 ~7, we shall assume, for the purpose of model fitting, that the stellar population has a constant mass-luminosity ratio.
IV. COMPARISON WITH THEORETICAL MODELS a) Isothermal and King Models
The modified isothermal sphere models of King (1966) have met with great success in fitting the luminosity profiles of normal elliptical galaxies (King 1975) . In the case of M87, however, the deviations from a King model are large and easily observable, since the disagreement extends out to r = 20". Beyond this radius the King model with a ratio of tidal radius rT to core radius re log rT/rc = 2.10 is a reasonable fit to the luminosity profile of M87. This is shown in Figure 4 , where we have fitted such a model to the photographic photometry of Oemler (1976) for 5" < r < 4'.5. Outside r = 4'.5 there is a faint extended corona (de Vaucouleurs and Nieto 1977) . The failure of the King model to fit the CCD/SIT photometry in the central regions is shown in Figure 5 , where discrepancies of up to 0.25 mag are present for 1 ~7 < r < 1 O". It is evident that the observed profile does not curve sharply enough as it rises into the core regions, and then refuses to flatten off as r -+ 0, but continues We may justify the use of single mass King models after the work of Lynden-Bell (1967) , who showed that the expected distribution function after galactic collapse has the same velocity dispersion for all stellar masses. Exploratory attempts to fit the luminosity profile of M87 with two mass King models met with limited success. A reasonable fit was obtained by loading the core of the model with a second population of massive stars concentrated inside r = 2". The total mass required to perturb the profile sufficiently was ,.., 5 x 10 9 M 0 • We shall not pursue this type of model any further because it fails to fit the velocity dispersion data of Sargent et al. (1978) ; the model predicts a constant velocity dispersion uv for the visible stars across the core of the galaxy, whereas uv is observed to increase sharply as r ~ 0.
b) Models with a La.rge Central Mass
A stellar dynamics code (VAMPIRE) was written to determine the equilibrium distribution of a stellar The intensity scale is l"v = mag arcsec-2 • population around a massive black hole 1 in a galactic nucleus. This is done by solution of a Fokker-Planck equation in (E, J) space for a multimass stellar population simultaneously with Poisson's equation to determine the relaxed configuration. A minor adaptation allowed the effects of a black hole growing adiabatically in a collisionless stellar population to be studied. These two cases do not differ drastically and result in density profiles p(r) oc r-714 near the black hole for the relaxed models and p(r) oc r -312 for the adiabatic models. We shall not discuss the details of the VAMPIRE models further, since they are described in .
A satisfactory fit between the observed profile of M87 and a black hole model is shown in Figure 6 . This results in a determination of certain parameters.
i) The core radius of the galaxy, ii) The tidal radius is given by log rT/r e = 2.10 ± 0.02 , as was determined previously from the data of Oemler (1976) . It is by no means clear that the rT represents a true tidal cutoff rather than just a convenient way to truncate the stellar distribution function. However, this parameter has a negligible effect on the profile for r < 10", wherein lies the action.
iii) Core surface brightness
With an absorption Av = 0.14 due to our own Galaxy, we deduce the core surface luminosity to be Le= (5.5 ± 0.1) x 10 3 L0 pc-2 •
The relation between core surface luminosity Le and core spatial luminosity L 0 is Le = 2Lore, and so we find
Since the central luminosity profile is perturbed away from an isothermal sphere by the central black hole, the above parameters are those that would pertain if the black hole were absent. iv) Mass of black hole 11-H = MH/4rrpo(re/3) 3 = 0.6 ± 0.1 {where p0 = core mass density). Thus we find
where M/ft' is the mass-luminosity ratio of the stellar population. The "cusp radius" where the kinetic energy of a typical core star is equal to the potential energy in the gravitational well of the black hole is ra = µHre = 5''.8 ± 1''.0 = (422 ± 73)815 pc.
We see that both the core and the central cusp of M87 are well resolved, being 20 and 12 times the seeing disk, respectively. The effects of seeing have been allowed for by appropriate convolution of the model for the fit shown in Figure 6 . v) The observed profile of M87 rises above that vi) The spectroscopic data of Sargent et al. (1978) give a core velocity dispersion of av = 278 ± 11 km s-1 • From the relation av 2 = 4rrGp0(re/3) 2 , we find the core mass density to be
and the mass-luminosity ratio of the stellar population is · M/ft' = (6.5 ± 0.6)815 -1 •
The mass of the black hole then becomes MH = (2.6 ± 0.5) x 10 9 M0 .
Our value for M/ft' is much lower than previous estimates (M/ft' "' 50), which were based on (1) spuriously high velocity dispersion measurements of av"' 500 km s-1 (Minkowski 1962; Brandt and Roosen 1969) , and (2) use of the virial theorem applied to the whole galaxy when only the central velocity dispersion was known.
c) Considerations of the Large Nuclear Mass
A model-independent demonstration of the large nuclear mass in M87 is given in Sargent et al. (1978) , along with a general and practical method for determining the mass-luminosity ratio as a function of YOUNG ET AL.
Vol. 221 radius given both photometric and velocity dispersion data. Denoting M(r) as the mass enclosed within a sphere of radius r, and .ff'(r) the luminosity similarly enclosed, considerations of the innermost points for which dynamical data exists gave a mass enclosed within l''.5 as For a 1 ~5 radius aperture centered on M87, the integrated magnitude is Vp(l ~5) = 14.71 ± 0.03.
Allowing for projection effects through the galaxy, the magnitude of a l''.5 sphere is V.(1~5) = 15.73 ± 0.07 (see Table 2 ). Allowing for galactic absorption Av = 0.14, the total luminosity is .!1'(1~5) = (11.2 ± 0.8) x 10 7 015 2 L0 , and the mean mass-luminosity ratio enclosed with radius r, taking all material into account, is
This is a factor of 10 higher than for the stellar population in the rest of the core and demonstrates the existence of a large, invisible mass in the nucleus ofM87.
According to the black hole model shown in Figure  6 , the mass of stars enclosed within a l''.5 sphere is 
d) Nature of the Central Luminosity Source
The present data do not define the nature of the central luminous source required to fit the black hole model of § IVb above, although there are additional pertinent observations. i) Spectroscopic data (Sargent et al. 1978) show the central regions of M87 to have a late-type stellar spectrum. The change in line strength observed across the nucleus is a barely significant 4 % . This places a limit of V = 16.4 on the luminosity of a nonthermal continuum source in. the center of M87.
ii) The nucleus of M87 is unpolarized, whereas the "jet" is linearly polarized at a level of 20% (Angel 1977, private communication) .
On morphological grounds, one might expect blue nonthermal emission akin to that observed in a Seyfert galaxy, and we note that the luminosity of the central point source is V = 16.7, which does not violate the constraint given above. However, the colors and slight decrease in line strength would also be consistent with a population of G5 stars.
V. SUMMARY AND DISCUSSION
We have demonstrated the following points.
i) The core radius of M87 is re = 9''.6 = 700 pc and iii) The luminosity profile cannot be fitted by isothermal or King models (with constant mass-luminosity ratio) because the central regions (r < 10") contain a bright luminosity cusp. This cusp is not seen in other nearby, normal elliptical galaxies and so adds to the peculiarities exhibited by M87. iv) In the radial range l ''.7 < r < 80" the luminosity In summary, the data show that the nucleus of M87 contains a supermassive object of mass MH ,..., 5 x 10 9 M 0 , radius r :::;; 100 pc, and M/.ff' ~ 60. Various suggestions may be made as to the possible nature of this object.
1. A small, dense star cluster with a high M/.ff' may be bound in the core of M87. Suitable objects in the cluster include white dwarfs, neutron stars, black holes, or perhaps even extreme M dwarfs. Such a cluster, as a dynamically bound entity, would have to have a very high velocity dispersion (av > 1000 km s -1 ) and could therefore mimic a continuum source by virtue of broadening the stellar spectral lines to invisibility (although one could still detect the metallicity break at 3900 A). This central cluster cannot be akin to the small nucleus seen in M31 (Kinman 1965), since the M87 "cluster" would contain ,.., 100 times as much mass and is associated with changes in M/!i' and increases in the stellar velocity dispersion (which the M31 cluster is not; Morton, Andereck, and Bernard 1977) .
It is unlikely that such a cluster would have been formed by the spiraling in of companion galaxies or globular clusters as suggested for M31 by Tremaine, Ostriker, and Spitzer (1975) . The objections are: (i) galaxies could not form an object less than or only 100 pc across; (ii) the total mass in the globular clusters of M87 is ,.., 10 9 M0 ; thus 5 times this amount would already have had to spiral in; and (iii) neither galaxy or globular cluster material could yield M/!i' ~ 60.
2. Since the relaxation time scale in the core of M87 is tB ,.., 10 14 yr, it is unlikely that the central cusp is incipient gravothermal collapse (Lynden-Bell and Wood 1968) or runaway mass segregation (Spitzer 1969) . In any case, since the stellar population remains close to dynamical equilibrium during such events, the arguments of § IV c still apply.
3. It may be possible to explain the photometric and dynamical data if the stellar population is out of dynamical equilibrium. To throw the stars out of equilibrium, however, one must contrive to remove or add a mass ,.., 5 x 10 9 M 0 in a dynamical time scale of ,.., 10 5 yr; furthermore, the disturbance will die away in this dynamical time scale of 10 5 yr. It is possible to imagine a slingshot mechanism (Saslaw, Valtonen, and Aarseth 1974) removing ,.., 5 x 10 9 M0 from the nucleus of M87, with the resulting ejecta forming the optical jets.
4. Another possibility is that the nucleus of M87 contains a single compact object such as a spinar or massive black hole. It should be emphasized that we are not forced to such a model on either observational or theoretical grounds, but it is consistent with all the data, and is in many ways the most attractive of the models considered. A central black hole could easily fuel itself by consuming mass lost from stars in the cusp to explain the ,.., 10 42 ergs s -1 energy output of Virgo A. A mass flux of ,.., 10-2 M 0 yr-1 is possible and so an efficiency of conversion to radiation of only 0.002 would be necessary.
M87 is at present probably the most plausible case for a massive black hole in a galaxy nucleus. The existing data are pressing upon the current limits for ground-based observations, and are not likely to be improved upon in the near future. Probably the best hope for a dramatic improvement in the data lies with the Space Telescope, which will offer an order of magnitude increase in resolution for more detailed studies of M87 and a search for similar phenomena in more distant supergiant elliptical radio galaxies.
